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[5 7] ABSTRACT 

A gradiometer having in one embodiment two ring cores of 
high magnetic permeability with drive windings thereon and a 
blocking oscillator supplying unidirectional current to the 
drive windings to drive the cores around a portion of the 
hysteresis curve. The blocking oscillator drive circuit is con 
trolled by feedback windings around both cores. A pair of 
sense windings are wound on each core, and each sense wind 
ing carries a signal composed of the induced drive signal and a 
magnetic ?eld induced signal that varies with the ambient 
?elds. The sense windings are connected to a demodulator cir 
cuit so that the induced drive signals cancel out and only the 
difference in ambient ?elds between the two ring cores is 
passed, indicative of the gradient in the DC magnetic ?eld. In 
an alternative embodiment, ferromagnetic scroll cores replace 
the ring cores. 

9 Claims, 6 Drawing Figures 
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MAGNETIC FIELD GRADIOMETER UTILIZING A PAIR 
OF CORES DRIVEN BY A BLOCKING OSCILLATOR 

BACKGROUND OF THE INVENTION 

This invention relates generally to gradiometers and, more 
particularly, to a low-power gradiometer. 
Gradiometers have been utilized heretofore to provide de 

tection and measurement of DC or low-frequency AC mag 
netic ?eld gradients. Such prior art gradiometers, although 
operating satisfactorily are, however, relatively complex. As a 
result, these devices are costlier to produce, have relatively 
high power consumption, and generate a substantial amount 
of noise which impairs their ability to measure very small mag 
netic gradients. Simpli?ed circuitry has been achieved, how 
ever, in ring-core magnetometers, devices for measuring the 
magnitude of ambient magnetic ?elds. Such a device is dis 
closed in U.S. application Ser. No. 49,466 ?led June 24, 1970, 
now abandoned and replaced by continuation-in-part Ser. No. 
93,619 filed Nov. 30, 1970 by Robert E. Brown, on an inven 
tion entitled “Low Power Ring-Core Magnetometer." This 
magnetometer is simple in construction, inexpensive to 
produce, has low power consumption and relatively little in 
ternal noise. Heretofore, it has not been possible to embody 
these desirable properties of a ring-core magnetometer in a 
gradiometer. 

SUMMARY OF THE INVENTION 

Accordingly, one object of the present invention is to pro 
vide a new and improved gradiometer composed of a small 
number of componential elements. 
Another object of the invention is the provision of a new 

and improved ring-core gradiometer. 
Still another object of the present invention is to provide a 

ringcore gradiometer having low power consumption. 
A further object of the instant invention is to provide a 

gradiometer having relatively little internal noise. 
A still further object of this invention is the provision of a 

scroll core gradiometer. 

Brie?y, these and other objects'of the present invention are 
attained by providing a gradiometer having in one embodi 
ment a ring core and a blocking oscillator drive circuit which 
utilizes the same ring cores as the gradiometer to drive the 
gradiometer with unidirectional current thereby requiring low 
power consumption. Sense windings wound on the ring cores 
are connected in a manner such that the blocking oscillator 
drive signals cancel and only the difference in ambient ?eld 
between the ring cores is applied to an output demodulator 
circuit. In an alternative embodiment, the ring cores are 
replaced with ferromagnetic scrolls and the drive windings 
and sense windings are wound thereon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the invention and many 
of the attendant advantages thereof will be readily appreciated 
as the same becomes better understood by reference to the 
following detailed description when considered in connection 
with the accompanying drawings wherein: 

FIG. 1 is a schematic diagram of the gradiometer drive cir 
cuitry according to the invention; 

FIGS. 2(a) and 2(b) are graphical diagrams of various wave 
shapes associated with the drive circuitry of FIG. 1; 

FIG. 3 is a schematic diagram of the sense windings and 
demodulator circuitry of one embodiment of the gradiometer 
of the present invention; 

FIG. 4 is a graphical diagram of a hysteresis curve as 
sociated with the gradiometer of the invention; and 

FIG. 5 is a schematic diagram of an alternative embodiment 
of the gradiometer of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring now to the drawings, wherein like reference 
characters designate corresponding parts throughout the 
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2 
several views, and more particularly to FIG. 1 thereof, the 
ring-core gradiometer drive circuitry is shown as consisting of 
a drive loop 10, and a feedback loop 12. A ring core 14 con 
structed in the form of a toroid of a saturable high-permeabili 
ty material such as, for example, Permalloy or the like, trans 
former couples drive loop 10 to feedback loop 12 by means of 
drive winding L1, and feedback winding L2, each of which is 
wound uniformly around 360° of ring core 14. Similarly, a ring 
core 16 of the same material transformer couples drive loop 
10 to feedback loop 12 by means ofa drive winding LI’, and a 
feedback winding L2’, each of which is wound uniformly 
around 360° of ring core 16. In drive loop 10 one end of wind 
ing L1 is connected in series to one end of winding L1’, The 
other end of winding L1 is connected to a semiconductor 
switching element 16, such as, for example, a collector of an 
NPN transistor, The emitter of transistor 16 is connected to 
one end of a source of unidirectional potential I8, such as the 
negative terminal of a battery, and the positive tenninal 
thereof is connected to the other end of winding Ll’ thereby 
completing the series circuit of drive loop 10. In feedback 
loop 12 one end of winding L2 is connected in series to one 
end of winding L2’ while the other end of winding L2 is con 
nected to the base of transistor 16. The other end of winding 
L2’ is connected through the parallel combination of a resistor 
20 and a capacitor 22 to positive terminal of battery 18, to 
complete the series circuit of feedback loop 12. 
The operation of the gradiometer driving circuitry can be 

most readily understood with reference to FIGS. 2(a) and 
2(b). It will be assumed that the beginning of a blocking oscil 
lator cycle begins with transistor 16 turned on. Voltages V“ 
across winding LI and V“, across winding L1’ will be essen 
tially constant at a positive value which is slightly less than 
one-half the voltage of battery 18. This will be readily un 
derstood by noting that windings L1 and L1’ act as an equal 
voltage divider, each winding having the same number of 
turns, and the total voltage available for division is the battery 
voltage minus the small voltage drop across conducting 
transistor 16. After transistor 16 has been turned on, the cur 
rent I,, in drive loop 10 begins to increase, as shown in FIG. 
2(b). As the current I,,, increases the magnetic intensity H and 
flux density B increase along curve I illustrated in FIG. 4 
which shows the hysteresis loop of cores 14 and 16. The in 
creasing ?ux in drive winding L1 generates a voltage in feed 
back winding L2 which, by virtue of the winding pattern is in 
phase opposition to V“. Similarly, the increase in ?ux in drive 
winding Ll’ generates a voltage in feedback winding L2’ 
which is in phase opposition to VLI’. Consequently, positive 
feedback is generated and transistor 16 remains on as long as 
drive current Id increases. With the voltages across windings 
L2 and L2’ being in series aiding relationship with battery 18, 
capacitor 22 begins to charge up to the sum of these three 
voltages. As the current Id in windings LI and LI’ increases 
portion I of the hysteresis loop of FIG. 4 is followed until satu 
ration occurs at a value of magnetic intensity Hm. At this 
point, the ?ux density B ceases to change and the voltages 
across windings L2 and L2’ abruptly fall to zero. The voltage 
across capacitor 22 is now greater than the battery voltage 18 
and transistor 16 is reverse biased and turns off. Since drive 
loop 10 is now an open circuit, current 1,, abruptly falls to zero, 
as shown in FIG. 2(b), and voltages V“ and VL,’, being pro 
portional to the derivative of current Id simultaneously fall to 
some large negative value. With zero voltages across windings 
L2 and L2’, capacitor 22 discharges through resistor 20 until 
it reaches a voltage equal to the battery voltage. At this point 
transistor 16 is again forward biased and turns on, causing the 
cycle to repeat. 
When transistor 16 turns off, windings L1 and L1’ return to 

zero magnetic intensity along portion 2 of the hysteresis curve, 
as illustrated in FIG. 4. Since the total power consumption in 
the drive loop is proportional to the area enclosed by curves 1 
and 2 of the hysteresis curve, it will be observed that a rela 
tively small amount of power is consumed in the drive loop 10 
as compared to the power consumed on a complete traversal 
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of the hysteresis loop. This result is achieved by virtue of hav 
ing a unidirectional drive current in windings L1 and L1’. 
Winding L3, having terminals 30 and 32, and winding L4, 

having terminals 34 and 36, are the sense windings for core 14 
and each is uniformly distributed on a 180° segment on op~ 
posite sides of the core. Similarly, winding L3’, having ter 
minals 38 and 40, and winding L4’, having terminals 42 and 
44, are the sense windings for core 16 and each is uniformly 
distributed on a 180° segment on opposite sides of the core. 
FIG. 3 illustrates how the sense windings are interconnected 
to form a gradiometer having uniform sensitivity throughout a 
large range including zero gradient. Terminal 32 of winding 
L3 is connected to terminal 42 of winding L4’, terminal 38 of 
winding L3’ is connected to terminal 36 of winding L4, and 
terminal 34 ofwinding L4 is connected to terminal 44 of wind 
ing L4’ to form a common juncture 48. The sense windings are 
connected to an external demodulator circuit 49 in the follow 
ing manner. Terminal 30 of winding L3 is connected to one 
side of a unidirectional conducting device 50, such as the 
cathode of a diode. Similarly, terminal 40 of winding L3’ is 
connected to one side of a unidirectional conducting device 
52, such as the cathode of a diode. A resistor 54 is connected 
between the anode of diode 50 and common juncture 48, and 
a resistor 56 is connected between the anode of diode 52 and 
common juncture 48. A capacitor 58 is connected between 
the anode of diode 50 and the anode of diode 52, and the out 
put voltage appears across capacitor 58 between output ter 
minals 60 and 62. 

In operation, each sense winding carries a signal composed 
of the induced drive signal and a magnetic ?eld dependent 
signal that varies with ambient ?eld. The sense windings are 
connected in a manner such that the induced drive signal in 
winding L3 adds to the induced drive signal in winding L4’, 
while the signal due to an external ?eld impressed on winding 
L3 subtracts from the signal due to an external ?eld impressed 
on winding L4’. Similarly, the induced signal in winding L3’ 
adds to the induced drive signal in winding L4 while the signal 
due to external ?eld impressed on winding L3’ subtracts from 
the signal due to an external ?eld impressed on winding L4. 
The sense windings are connected to the demodulator circuit 
49 in such a manner that the large voltage spikes in the drive 
windings illustrated in FIG. 2(a) which are transformer cou 
pled to the sense windings cause diodes 50 and 52 to be for 
ward biased. Thus, the diodes are always conducting when 
even very small ambient ?eld dependent signals are present. 
The additive drive signal in windings L3 and L4’ flow through 
resistor 54, and the additive drive signal in windings L3’ and 
L4 flow through resistor 56. By having resistors 54 and 56 of 
equal value, and having the same number of turns in windings 
L3 and L3’, and the same number of turns in windings L4 and 
L4‘, the voltages across resistors 54 and 56 will be of equal 
magnitude but of opposite polarity. The drive voltages, there 
fore, cancel at the output of the demodulator. On the other 
hand, the resultant difference voltage between windings L3 
and L4’, representing the gradient of the external ambient 
?eld between ring cores l4 and 16 and the resultant difference 
voltage between windings L3’ and L4, also representing the 
gradient of the external ambient ?eld between ring cores l4 
and I6 combine additively in resistors 54 and 56 to form a 
resultant voltage that is twice the gradient induced voltage. 
Thus, the circuitry of FIG. 2 acts as a voltage doubler for the 
gradient induced signal appearing at the output of demodula 
tor 49, which increases the signal-to-noise ratio of the circuit, 
and reduces the effects ofinternal noise. 

Since the demodulator circuitry has no active source of 
potential, the only source of power required for the gradiome 
ter of the instant invention is battery 18. Consequently, the 
power drain is kept to a minimum. 
An alternative embodiment of the present invention is illus 

trated in FIG. 5 wherein the ring cores 14 and 16 are replaced 
by ferromagnetic scroll cores 64 and 66. In this embodiment 
the gradiometer sensitive direction is along the longitudinal 
axis of scroll cores 64 and 66. Drive winding L1 and feedback 
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4 
winding L2 are wound solenoidally around scroll core 64, and 
drive winding L1’ and feedback winding L2’ are wound sole 
noidally around scroll core 66. operationally, the drive circuit 
of FIG. 5 performs in the same manner as the drive circuit of 
FIG. 1. The sense circuitry, however, employs only two sense 
windings L3 and L3’. Winding L3 is connected to winding L3’ 
at common juncture 48. The other end of winding L3 is con 
nected to the cathode of diode 50, and the other end of wind 
ing L3’ is connected to the cathode of diode 52. Resistors 54 
and 56 and capacitor 58 are connected as in FIG. 3. 

In operation the drive voltage induced in sense winding L3 
forward biases diode 50 and appears across resistor 54, while 
the drive voltage induced across winding L3’ forward biases 
diode 52 and aPpears across resistor 56. The drive voltages 
appearing across resistors 54 and 56 cancel each other across 
the output terminals 60 and 62, as in the circuit of FIG. 3. In 
contradistinction to FIG. 3, however, the ambient ?eld depen 
dent signal induced in windings L3 and L3’ are subtracted 
across resistors 54 and 56, thereby producing the gradient or 
difference between the ambient ?elds at scroll core 64 and 
scroll core 66. As a result, this embodiment does not produce 
the voltage doubling effect found in the circuit of FIG. I, but 
this can be compensated for by increasing the number of turns 
on windings L3 and L3’ .This arrangement generally requires 
more power than the ring core embodiment and is somewhat 
less sensitive. The coil winding procedure is, however, con 
siderably simpler. 

It should be apparent that although the drive windings L1 
and L1’ in both embodiments are shown as being connected in 
series, they may also be connected in parallel. It should also be 
apparent that the two ring cores or two scroll cores must be 
mounted apart to determine a spatial magnetic field gradient. 
Additionally, it should be apparent that capacitor 22 in both 
embodiments may be replaced by the stray capacitance in 
windings L2 and L2’, providing there is a sufficient number of 
turns on these windings. 

From the foregoing it will be seen that since few circuit 
components are required in both embodiments and since a 
minimum number of windings are employed little internal 
noise is generated and a high signal-to-noise ratio is thereby 
provided. Also, the relatively small number of components 
results in low manufacturing cost. 

Obviously, numerous modi?cations and variations of the 
present invention are possible in the light of the above 
teachings. It is therefore to be understood that within the 
scope of the appended claims, the invention may be practiced 
otherwise than as speci?cally described herein. 
What is claimed as new and desired to be secured by Letters 

Patent of the United States is: 
l. A magnetic ?eld gradiometer comprising: 
a ?rst and a second ferromagnetic core, each core having 
wound thereon a drive winding, a feedback winding, and 
at least one sense winding; 

blocking oscillator means for producing a sequence of drive 
signals in said drive windings, said drive signals being 
transformer coupled to said sense windings and said feed 
back windings, the latter windings feeding signals back to 
said blocking oscillator and forming with said drive 
windings the transformer coupling of said blocking oscil 
lator; and 

demodulator means coupled to said sense windings for 
producing an output voltage proportional only to the dif 
ference in ambient ?eld strength between said first and 
said second cores. 

2. The gradiometer of claim 1, wherein said ferromagnetic 
cores are ring cores. 

3. The gradiometer of claim 2, wherein said ?rst and said 
second ferromagnetic ring cores each have a pair of sense 
windings wound thereon, said feedback windings being wound 
around 360° ofsaid ring cores, and each ofsaid sense windings 
being wound around separate 180° segments of said ring 
cores, thereby de?ning a gradiometer sensitive axis. 
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4. The gradiometer of claim 3, wherein said demodulator 
means includes means interconnecting said pairs of sense 
windings for producing a voltage proportional to the dif 
ference in ambient magnetic ?eld strength between said ?rst 
and said second ring cores, and for producing a voltage pro 
portional to said drive signals. 

5. The gradiometer of claim 4, wherein each pair of sense 
windings comprise a ?rst sense winding and a second sense 
winding, and said interconnecting means comprises: . 

a ?rst interconnection between said ?rst sense winding of 
said ?rst ferromagnetic ring core and said second sense 
winding of said second ferromagnetic ring core; 

a second interconnection between said ?rst sense winding 
of said second ferromagnetic ring core and said second 
sense winding ofsaid ?rst ferromagnetic ring core; and 

a third interconnection between the other end of said 
second winding of said ?rst ferromagnetic ring core and 
the other end of said second sense winding of said second 
ferromagnetic ring core, thereby forming a common junc 
ture. 

6. The gradiometer of claim 5, wherein said demodulator 
means includes: 

a ?rst diode having its cathode connected to the other end 
of said ?rst sense winding of said ?rst ferromagnetic ring 
core; 

a second diode having its cathode connected to the other 
end of said ?rst sense winding of said second ferromag 
netic ring core; 
?rst resistor connected between the anode of said ?rst 
diode and said commonjuncture; 

a second resistor connected between the anode of said 
second diode and said common juncture; 

a capacitor connected between the anode of said ?rst diode 
and the anode ofsaid second diode. 

7. The gradiometer of claim 1, wherein said blocking oscil‘ 
lator means comprises a drive circuit and a feedback circuit, 
said drive circuit comprising said drive windings connected in 
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6 
series, and a transistor, wherein one end of said drive windings 
is connected to the collector of said transistor, the other end 
of said drive windings is connectable to a source of 
unidirectional potential, and the emitter of said transistor is 
connectable to said source of unidirectional potential, said 
feedback circuit comprising said feedback windings con 
nected in series, said transistor, a resistor, and a capacitor, 
wherein one end of said feedback windings is connected to the 
base of said transistor, and the other end of said feedback 
windings is connected to one end of the parallel combination 
of said resistor and said capacitor, and the other end of said 
parallel combination is connectable to said source of 
unidirectional potential. 

8. The gradiometer of claim 1, wherein said ferromagnetic 
cores comprise scrolls, and wherein said drive windings, said 
feedback windings, and said sense windings are wound sole 
noidally thereon, thereby de?ning a gradiometer sensitive axis 
along the longitudinal axis of said scroll cores. 

9. The gradiometer of claim 8, wherein the sense winding of 
said first ferromagnetic scroll core is connected in series to the 
sense winding of said second ferromagnetic scroll core, 
thereby forming a common juncture between said sense 
windings, and said demodulator means comprises: 

a ?rst diode having its cathode connected to the other end 
of said sense winding of said ?rst ferromagnetic scroll 
core; 

a second diode having its cathode connected to the other 
end of said sense winding of said second ferromagnetic 
scroll core; 

a ?rst resistor connected between the anode of said ?rst 
diode and said commonjuncture; 

a second resistor connected between the anode of said 
second diode and said common juncture; and 

a capacitor connected between the anode of said ?rst diode 
and the anode ofsaid second diode. 

* * It * it 


